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(57) Subdomain metal or metal oxide particles 
covalently coupled to chemically reactive 
organic moieties and subsequently reacted to- 
gether to form biodegradable magnetic microc- 
lusters are disclosed. The magnetic 
microduster can be used as contrast agents in 
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Background o f : ■ Invention 

NMR has found increasing use since th early 
1970's as a medical diagnostic tool, in particular as 
an imaging technique. The technique provides high 
resolution and differentiation of soft tissue without 
the use of potentially harmful radiation. For several 
years, radiologists believed that with the high con- 
trast achieved in NMR imaging in soft tissues without 
the use of contrast agents, the use of contrast agents 
would not be necessary. However, it has recently 
been found that paramagnetic complexes can be 
used with advantage to achieve enhanced contrast in 
NMR imaging thereby extending the diagnostic utility 
of the technique. 

The nuclei of many atoms have a property called 
spin which is associated with a smalt magnetic mo- 
ment. In the absence of an external magnetic field, 
the distribution of the orientations of the magnetic 
moments is random. In the presence of a static mag- 
netic filed the nuclear magnetic moments process 
about the field direction and there will be a net align- 
ment in the field. 

In NMR imaging, a patient is placed in a static 
field and a short radio frequency pulse is applied via 
a coil surrounding the patient The radio frequency or 
RF signal is selected for the specific nuclei which are 
to be resonated. The RF pulse causes the magnetic 
moments of the nuclei to align with the new field and 
to process in phase, and on termination of the pulse 
moments return to the original distribution of align- 
ments with respect to the static field and to a random 
distribution of procession phases giving off a nuclear 
magnetic resonance signal which can be picked up by 
a receiving coil. The NMR signal is generally from 1 H 
nuclei and represents a proton density of the tissue 
being studied. R.S. First, NMR In Medicine In The 
1980s (1983). 

Two additional values can be determined when 
the RF pulse is turned off and the nuclear magnetic 
moments are relaxing or returning to equilibrium ori- 
entations and phases. These are T1 and T2, the spin- 
lattice and spin-spin relaxation times. T1 represents 
a time characteristic of the return to equilibrium spin 
distribution, i.e. equilibrium alignment of the nuclear 
magnetic moments in the static field. T2 on the other 
hand represents a time characteristic of the return to 
random precession phase distribution of the nuclear 
magnetic moments. 

The NMR signal that is generated thus contains 
information on proton density, T1 and T2 and the im- 
ages that are generated are generally the result of 
complex computer data reconstruction on the basis of 
that information. 

The potential application of contrast agents in ex- 
tending the diagnostic utility of NMR imaging is dis- 
cussed, for example, by R.C. Brasch in Radiology 
147 :781 (1983). Although numerous methods of con- 



trast are available, many, such as manipulation of tis- 
sue temperature, viscosity or hydration, are clearly 
not clinically feasible and the most advantageous pri- 
or art technique appears to be the use of paramagnet- 
5 ic contrast agents to reduce the spin-lattice relaxation 
of time T1. 

A paramagnetic substance is one which contains 
one or more fundamental particles (electrons, protons 
or neutrons) with a spin whose effect is not cancelled 

10 out by another particle with like spin. These particles 
create a small magnetic field which can interact with 
neighboring nuclear magnetic dipoles to cause a re- 
orientation of the dipole, i.e. a change in nuclear spin 
and precession phase. 

15 Since the magnetic field created by an electron 

is much greater than that created by a proton or a 
neutron, in practice only ions, molecules, radicals or 
complexes, which are paramagnetic due to the pres- 
ence of one or more unpaired electrons, are used as 

20 paramagnetic NMR contrast agents. 

The contrast effect of paramagnetic ions and 
complexes is predominantly the result of reduction in 
T1. However, paramagnetic stable free radicals will 
also cause some reduction in T2. R.C. Brasch, Radi- 

25 ology, 147 :781 (1983). Nevertheless the relative re- 
duction of T1 is greater than that of T2. 

The use of paramagnetic contrast agents in NMR 
imaging has been extensively investigated and solu- 
tions and colloidal dispersions of such agents have 

30 been proposed for oral and paraenteral administra- 
tion in conjunction with diagnostic imaging. 

Ferromagnetic materials have also been used as 
contrast agents because of their ability to decrease 
T2. Medonca-Dias and Lauterbur, Magn. Res. Med. , 

35 3:328 (1986); Olsson et al, Mag Res. Imaging, 4:437 
(1986). 

Ferromagnetic materials have high, positive magnet- 
ic susceptibilities and maintain their magnetism in the 
absence of an applied field. The use of ferromagnetic 

40 materials as MRI contrast agents are described, for 
example, in PCT Application NO. WO86/01112 and 
PCT Application No. WO85/043301. 

A third class of magnetic materials, termed su- 
perparamagnetic materials, have been used as con- 

45 trast agents. Saini et al.. Radiology, 167 :211 (1987); 
Hahn et al.. Soc. Mag Res. Med. 4(22) : 1537 (1986). 
Like paramagnetic materials, superparamagnetic 
materials are characterized by an inability to remain 
magnetic in the absence of an applied magnetic f ield. 

so Superparamagnetic materials can have magnetic 
susceptibilities nearly as high as ferromagnetic ma- 
terials and far higher than paramagnetic materials. 
Bean and Livingston, J. Appl. Phys. , Supp. 1 to Vol. 
30, 1205,(1959). 

55 Ferromagnetism and superparamagnetism are 

properties of lattices rather than ions or gases. Iron 
oxides such as magnetite and gamma ferric oxide ex- 
hibit ferromagnetism or superparamagnetism de- 
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pending on the size of the crystals comprising the 
material, with larger crystals being f rromagnetic. G. 
Bate In: Ferromagnetic Materials, Vol. 2, Wohifarth 
(ed.) p. 439. 

As generally used, superparamagnetic and ferro- 
magnetic materials alter the MR image by decreasing 
12 resulting in image darkening. When injected, crys- 
tals of these magnetic materials accumulate in the 
targeted organs or tissues and darken the organs or 
tissues where they have accumulated. 

Superparamagnetic particles have also been 
shown to be effective for the delivery and targeting of 
drugs directly to an infected organ, tissue or joint. De- 
livery systems, for example, using magnetic particles 
100 Angstroms (A) in diameter encapsulated in albu- 
min microspheres have been demonstrated for deliv- 
ery of chemotherapeutic agents into Yoshida rat sar- 
coma. Widder, U.S. Patent 4,345,588 (1982); Senyei 
etal., U.S. Patent 4,357,259 (1982). 

All of the aforementioned in vivo applications 
have the marked disadvantage of the lack of particle 
or cluster biodegradability. Half lives of Fe 3 0 4 100 A 
particles, for example, are In excess of 8 months 
when injected into a patient's body. 

Particles of less than 50 A in diameter will gener- 
ally clear from a patient after in vivo application very 
quickly; however, below 50 A in diameter there is no 
vidence of domain wall support and particles of this 
size are non-magnetic. 

Summary of the Invention 

The present invention relates to biodegradable 
superparamagnetic microclusters and methods of 
their preparation. The present microclusters com- 
prise clusters of metal or metal oxide particles that 
are about 70 A or less in crystallite size and which are 
non-magnetic in the unclustered state. The non-mag- 
netic unit crystals ("crystallites") are encapsulated or 
bonded together to form a superparamagnetic cluster 
of crystallites having a cluster size of from about 100 
A to 2 microns in diameter. 

In one embodiment of the present invention, the 
individual non-magnetic crystallites are coated with 
monomers functionalized to participate in subse- 
quent crosslinking reactions. Accordingly, the mono- 
mers are adsorbed or covalentty bound to the crys- 
tallites, and the crystallites are covalently linked by 
crosslinking between the coated crystallites, thereby 
forming magnetic microclusters. For physiological ap- 
plications, the crosslinks are hydrolyzable bonds 
which hydrolyze in the physiological environment In 
another embodiment, the crystallites can be coated 
directly with polymer coatings, which encapsulate the 
crystallites into magnetic microclusters, wherein the 
microcJuster is conveniently degraded by simply dis- 
solving it in a solv nt suitable for the given polymer. 

The magnetic clusters are biod gradable to the 



unit crystallites and become non-magnetic upon bio- 
degradation. The magnetically responsive microclus- 
ters of this invention overcome problems associated 
with size, surface area, biodegradation,and magnetic 
5 character of previously developed magnetic partic- 
les. The present microclusters are useful in clinical 
applications, such as contrast agents for nuclear 
magnetic resonance imaging. 

10 Detailed Description of the Invention 

The present invention is based on the discovery 
that, remarkably, when a population of non-magnetic 
particles of iron metal, magnetic iron oxide or mag- 

15 netic metal alloy having a diameter of about 70 A or 
less are linked or encapsulated into a bead structure 
of about 100 A or greater in diameter, the bead will be- 
have as a superparamagnetic species. If the bead is 
designed with appropriate chemistry rendering the 

20 bead biodegradable, the magnetizable particle will, 
upon degradation to the unit crystal size, become 
non-magnetic. 

The present magnetic microclusters are clusters 
of particles comprising a core of metal, metal alloy or 

25 metal oxide. These 70 A or less particles are referred 
to herein as "crystallites". The individual crystallites 
can be coated with a functionalized organo-metaflic 
monomer which is adsorbed onto or covalently bound 
to the crystallites thereby forming an organo-metallic 

30 polymer coating. The functional or reactive terminal 
groups on the organometallic polymer coating are 
then reacted together via chemical reactions, e.g. co- 
valent crosslinking, formation of coordination com- 
plexes or btoaffinity coupling to form magnetizable 

35 microclusters. These magnetizable clusters have a 
mean cluster size of about 100 A to about 2 microns 
in diameter and are referred to hereinafter as "micro- 
clusters". 

Each crystallite is a subdomain (less than 70 A) 

40 crystal, or group of crystals, of a transition metal, alloy 
or metal oxides comprised of bivalent and divalent ca- 
tions of the same or different transition metals or 
magnetic metal crystal group. Metals, alloys and ox- 
ides which are useful as magnetic core material in the 

45 present invention include the metals, alloys, and ox- 
ides based on metals which appear in the Periodic Ta- 
ble in Groups 4a and b, 5a and b, 6a and 7a. These 
include, for example, divalent transition metals, such 
as iron, magnesium, manganese, cobalt, nickel, zinc 

so and copper, alloys of these metals such as iron alloys 
or oxides (e.g., iron magnesium oxide, iron manga- 
nese oxid , iron cobalt oxide, iron nickel oxide, iron 
zinc oxide and iron copper oxide), cobalt ferrite, sa- 
marium cobalt, barium ferrite, and aluminum-nickel- 

55 cobalt and metal oxides including magnetite (Fe 3 0 4 ), 
hematite (Fe 2 0 3 ) and chromium dioxide (Cr0 2 ). By 
way of illustration, the crystallite may be comprised of 
crystals of iron or iron oxide, or may consist of a single 
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crystal of an iron oxide or metal alloy. 

The present crystallites are preferably between 
about 0.001 and about 0.007 microns (10 A to 70 A) 
in diameter and have a surface area of about 25 to 
1 000 square meters per gram. 

The crystallite particles can be prepared accord- 
ing to the following general procedure: metal salts, or 
organometallocenes, are precipitated in a base at 
high temperature and pressure to form fine magnetic 
metal oxide crystals. The crystals are redispersed, 
then washed in water and in an electrolyte. Magnetic 
separation can be used to collect the crystals be- 
tween washes, as the crystals are generally super- 
paramagnetic at this stage. The crystals are then mil- 
led, for example, in a ball mill, under conditions suffi- 
cient to form subdomain (less than 50 A) crystallites, 
which are non-magnetic. 

In one embodiment of the present invention, su- 
perparamagnetic iron oxide particles are made by 
precipitation of divalent (Fe 2 *) and trivalent (Fe 3+ ) iron 
salts, for example, FeCI 2 and FeCI 3 , in base and then 
milled to produce the sub 50 A particles. The ratio of 
Fe 2 * and Fe 3 * can be varied without substantial 
changes in the final product by increasing the amount 
of Fe 2 * while maintaining a constant molar amount of 
iron. A Fe^/Fe 3 * ratio of about 2:1 to about 4:1 is use- 
ful in the present invention; a ratio of about 2:1 
Fe^Fe 3 * is particularly useful. An Fe^Fe 3 * ratio of 
1:1 produces magnetic particles of slightly inferior 
quality to those resulting from the higher Fe*+fFe 3+ ra- 
tios, the particle size is more heterogeneous than 
that resulting from Fe^Te 2 * of 2:1 or 4:1 . 

In this embodiment, aqueous solutions of the iron 
salts are mixed in a base, such as ammonium hydrox- 
ide, which results in the formation of a crystalline pre- 
cipitate of superparamagnetic iron oxide. The precip- 
itate is washed repeatedly with water by magnetically 
separating and redispersing it untfl a neutral pH is 
reached. The precipitate is then washed once in an 
electrolytic solution, e.g. a sodium chloride solution. 
The electrolyte step is important to insure fineness of 
the iron oxide crystals. The precipitate is then washed 
with a solvent (e.g. acetone) to remove all of the wa- 
t r. 

The metal powder is then collected, e.g. by mag- 
netic separation or by filtration, and added to a com- 
mercial ball mill as an acetone slurry in a concentra- 
tion of about 1-25%. The mill is filled about halfway 
with 1/4" stainless steel balls and the slurry is milled 
for a period of time necessary to form the sub-domain 
crystallites, generally about 3-60 days. At the comple- 
tion of the milling period, the subdomain particle slur- 
ry formed is treated as the magnetite described in the 
previous section. 

In another embodiment of the present inv ntion, 
the crystallites can be made by precipitating metal 
powders using borohydrides and reducing the partic- 
le size by milling the resulting precipitate, for exam- 



pie, in a ball mill. In this process, the metal powder is 
precipitated from an aqueous solution of, for example, 
Fe +2 or Fe+3 salt, with sodium borohydride. The result- 
ing properties of the metal powder are unaffected by 

5 the balance of the counter ion or by the iron metal salt 
selected. Complete precipitation occurs spontane- 
ously upon addition of the borohydride. The magnetic 
metal powder is then collected by magnetic separa- 
tion or filtration, washed with water to remove all soiu- 

10 ble salts, and then washed in acetone to remove all 
residual water. The particle is added as an aqueous 
slurry in a concentration of about 1-25% by weight to 
a commercial ball mill filled halfway with 1/4" stain- 
less steel balls and milled for about 1 0-60 days. At the 

15 completion of the milling period, a subdomain metal 
slurry is formed. 

In yet another embodiment of this invention, sub- 
domain crystallites are grown directly from solution at 
high temperature and pressure. For example, an aqu- 

20 eous solution of 2:1 Fe +2 /Fe +3 is added to an aqueous 
solution of ammonium hydroxide at >60°C and >1 at- 
mosphere of pressure. The pressure and temperature 
are slowly reduced to begin formation of a crystal 
seed bead. The reactants are incubated at the lower 

25 temperature and pressure until the precipitation is 
complete and the reagents are completely used. The 
pressure and temperature of the reaction vessel are 
then reduced to ambient conditions and the particles 
are collected by filtration, washed 3 times, e.g., with 

30 deionized water, to remove excess reactants and 3 
times with a solvent, such as acetone, to remove ex- 
cess water. The subdomain particles thus prepared 
are non-magnetic. 

In another embodiment of this invention, the sub- 

35 domain crystals are grown by the reaction of a met- 
allocene with a base. In one embodiment of this 
method, ferrocene is combined with iron II hydroxide. 
Iron II hydroxide is prepared by reacting an aqueous 
solution on iron II (ferrous) chloride, for example, with 

40 ammonium hydroxide to form a gelatinous precipitate 
of iron II hydroxide ((FeO(OH)). The iron hydroxide is 
collected by filtration, transferred into a commercial 
ball mill filed halfway with 1/4" stainless balls and 
one-quarter way with water, and the resulting iron hy- 

45 droxide slurry is milled for a period of 1-30 days. 

A second ball mill is one-quarter filled with an 
aqueous slurry of ferrocene (1-25%) and half filled 
with 1/4" stainless balls. The ferrocene slurry is mil- 
led for a period of 1-90 days to produce ferrocene 

so crystals in the size range desired for the finished iron 
oxide crystallites. 

The contents of the two ball mills are then mixed 
together and milling is continued for about 1 hour to 
about 1 0 days to produce the subdomain crystallites. 

55 This method is described in detail in co-pending U.S. 
Application Serial No. 07/565,801 filed August 10, 
1990, by M.S. Chagnon et al, the teachings of which 
are hereby incorporated herein by reference. 
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Other divalent transition metal salts such as mag- 
nesium, manganese, cobalt, nickel, zinc and copper 
salts may be substituted for iron salts in the precipi- 
tation and milling procedure to yield magnetic metal 
oxides. For example, the substitution of divalent co- 
balt chloride (CoCIJ for FeCI 2 in the above procedure 
produced ferromagnetic metal oxide particles. 
Ferromagnetic metal oxide particles such as those 
produced with CoCI 2 can be washed in the absence 
of magnetic fields by employing conventional techni- 
ques of centrifugation or f titration between washings 
to avoid magnetizing the particles. 

The crystallites can be coated with an organo- 
metallic monomer material capable of adsorptive or 
covalently bonding to the magnetic core particles. 
The organometallic monomers also contain an ali- 
phatic moiety and organic functionality to which a 
wide variety of organic and/or biological molecules 
can be coupled. Organo-metallic monomers useful for 
the present coated particles are organic coordinate 
complexes of selected transition and/or post transi- 
tion metals which are capable of forming a stable co- 
ordination compound which can be adsorbed onto or 
covalently bound to the magnetic particle. The orga- 
nometallic monomers must be capable of crosslinking 
in situ on the particle surface, thereby forming the or- 
ganometallic polymer coating. 

Particularly useful organo-metallic compounds 
are coordinate complexes formed from selected tran- 
sition metals (e.g., Fe, Ni, Co, Cr, Ti, Zr, Hf, V, Ta, Nb) 
and/or post-transition metals (e.g. Sn, Sb). Organo-ti- 
tanium compounds which are useful include, for ex- 
ample, titan ium-tetra-isopropoxide, amino-hexyl-tita- 
nium-tri-isopropoxide, amino- propyl-titanium-tri-iso- 
propoxide and carboxyl-hexyl-titanium-tri-isopropox- 
ide. Other compounds which are useful include sili- 
con- tetra-iso propoxide and carbon-tetra-isopropox- 
ide. The monomers must be able to be functionalized 
in a manner that allows the polymer coating formed 
therefrom to form covalent bonds with bioaff inity or 
chemical reactants. For this purpose, the monomers 
can be post-fun ctionalized or derivatized, if neces- 
sary, with an aliphatic "spacer arm" which is termin- 
ated with an organic functional group capable of cou- 
pling with bioaff inity adsorbents or chemically react- 
ing to form covalent cross linkages or forming coor- 
dinate complexes. The "spacer arm" is an aliphatic 
hydrocarbon having from about 3 to about 30 atoms, 
e.g. carbon, nitrogen and/or oxygen atoms. The pur- 
pose of the spacer arm is to provide a non-reactive 
linker (or spacer) between the organic functional 
group and the polymer coating. The organic function- 
al group is generally a reactive group such as an 
amine (NHJ, carboxy group (COOH), cyanate (CN), 
phosphate (P0 3 H), sulfate (S0 3 H), thiol (SH), or hy- 
droxyl (OH) group, or a functional ligand such as a 
catechin. 

In one embodiment of the present invention, ami- 



no-hexyl-titanium-tri-isoproxide is coated onto the 
magnetic particle of choice, and th rmally cross- 
linked to form an organo-titanium polymer coating 
having an aliphatic spacer arm (the hexyl moiety) and 

s organic functional group. 

In one embodiment of the present method, an or- 
gano-titanium compound, such as titanium-tetra-iso- 
propoxide which lacks the spacer arm and organic 
functional group, is functionalized by reaction with an 

10 agent such as 1-hydroxy-6-amino hexane, to form 
the amino-hexyi-titanium-tri-isopropoxide. A method 
of coating metal or metal oxide particles with an or- 
ganometallic coating is described in detail in co-pend- 
ing U.S. Application Serial No. 07/566,169, filed Au- 

15 gust 10, 1990, by M.S. Chagnon, the teachings of 
which are hereby incorporated herein by reference. 
The functionalized particle can then be reacted, cou- 
pled, or crossiinked via the reaction method of 
choice. 

20 In a further embodiment of the present invention, 

the biodegradable magnetic microclusters can be 
formed by macromolecular encapsulation of the non- 
magnetic metal or metal oxide particles. More partic- 
ularly, the particle crystallites are prepared as a par- 

25 tide slurry and are mixed with a solution of polymer 
for a time sufficient to substantially disperse the poly- 
mer within the slurry. The crystallites are then encap- 
sulated by the addition of a solventwhich causes the 
polymer to flocculate and collapse onto their surface. 

30 The encapsulated crystallites thereby form a super- 
paramagnetic cluster having a cluster size of from 
about 1 00 Ato 2 microns in diameter, with a saturation 
magnetization of about 2,000 gauss, with no remnant 
magnetization. Particularly useful polymers include 

35 polyvinyl alcohol), hydroxypropyi cellulose, carboxy- 
methylcellulose, polyvinyl pyrrolidone), polyur- 
ethane-polyester block copolymers, polystyrene and 
poly(vinyl acetate)-poly(vinyl chloride) copolymers. 
These clusters can then be conveniently degraded, 

40 for example, by dissolving in a solvent suitable for a 
given polymer. At that point, the particles no long r 
remain encapsulated and the resulting unit crystals 
have no magnetization. 

The microclusters formed by crosslinking or 

45 bonding between the non-magnetic crystallites, or by 
encapsulation of said crystallites, are superparamag- 
netic in character. These superparamagnetic micro- 
clusters can be used in a number of in vitro and/or in 
vivo applications where magnetic particles are used. 

so For example, a bioaff inity adsorbent can be covalent- 
ly linked to the organometallic coating, on the micro- 
cluster, and the microcluster can then be used in in 
vitro separations. Methods of covalently linking a bio- 
affinity adsorbent to an organometallic-coated partic- 

55 le are described in detail, for example, in co-pending 
U.S. Application 07/566,1 69, filed August 10, 1990tiy 
M.S. Chagnon, the teachings of which are incorporat- 
ed her in by reference. 
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The present microclysters because of their 
unique characteristics are particularly useful for in 
vivo and in vitro applications, specifically magnetic 
tracers for homogeneous immunoassays. The micro- 
clusters are superparamagnetic, that is, they are re- 
sponsive to an applied magnetic field, but do not ex- 
hibit remnant magnetization once the magnetic field 
has been removed. The microclusters are biodegrad- 
able, and once the duster has degraded into its com- 
ponent crystallites, the crystallites are non-magnetic. 
The microclusters are therefore well suited for use in 
in vivo diagnostic localization of cells or tissues rec- 
ognized by the particular bioaffinity adsorbent cou- 
pled to the particle, and also for magnetically directed 
delivery of therapeutic agents coupled to the partic- 
les to pathological sites. The microclusters are partic- 
ularly useful for use in magnetic resonance imaging. 

The invention will now be further illustrated by 
the following examples. 

EXAMPLES 

Example 1: Preparation of Subdomain Magnetite 
Particles by Precipitation and Subsequent Size 
Reduction by Milling 

200 grams (1 .58 moles) of ferrous chloride (VWR 
Scientific) and 325 grams (2.0 moles) of ferric chlor- 
ide were dissolved in 3 liters of water. 2000 grams of 
ammonium hydroxide (VWR Scientific) concentrate 
were added at a rate of 50 ml/minute under constant 
agitation, during which time the temperature of the 
solution was kept between 25 and 40 degrees C. After 
the addition of the ammonium hydroxide was com- 
plete, the magnetic particle (Fe 3 0 4 ) aqueous slurry 
was allowed to cool to room temperature. 

The particles were then washed with 5 volumes 
of water, and collected between each wash. On the fi- 
nal wash step the particles were adjusted to an aqu- 
eous slurry volume of 25% and added to a commer- 
cial ball mill. The mill was filled 1/2 way with 
1/4" stainless steel balls and the slurry was milled for 
a period of 60 days to reduce the particles to 30A di- 
ameter. 

Example 2: Preparation of Subdomain Metal 
Particles by Sodium Borohydride Reduction and 
Size Reduction by Milling 

200 gm (1.58 moles) of ferrous chloride was dis- 
solved in 1 liter of water. 500 gm of dry sodium boro- 
hydride were added to the solution to form a fine iron 
powder precipitate. The precipitate was washed with 
water and collected by filtration. The filtered powder 
was resuspended in water and re-filtered. The wash- 
ing procedure was done 4 additional times. On the fi- 
nal suspension, the slurry was adjusted to a concen- 
trat of 20% and milled as described in Example 1 for 



a period of 75 days to produce particles with a mean 
diameter of less than 50 A. The resulting particles had 
no magnetic field response. 

5 Example 3: Preparation of Subdomain Magnetite 
Particles by Reaction of Particulate Ferrocene and 
Iron (II) Hydroxide 

A 100 gm slurry containing 20% by weight ferro- 
10 cene in water was milled in a commercial ball mill as 
described in Examples 1 and 2 for 60 days. 

A second slurry was prepared by the following 
procedure: An aqueous solution containing 20 gm of 
ferrous sulfate was precipitated using 50 gm of am- 
is monium hydroxide concentrate to form the gelatinous 
ferrous hydroxide. The gel was filtered and the filtrate 
washed with 5-100 gm volumes of water. The washed 
gel was then made into a 20% aqueous slurry and 
milled as previously described for 30 days. 
20 The ferrocene and hydroxide slurries were mixed 

and milled together for 3 days to form fine Fe 3 0 4 crys- 
tallites. The crystallites had a mean diameter of 30 A 
and were non-responsive to a magnetic field. 

25 Example 4: Preparation of Amino-Hexyl-Titanium- 
Tri-lsopropoxide 

0.1 moles of titanium-tri-isopropoxide (TyzorTPT 
Dupont, Wilmington, DE) and 0.1 moles of 6-amino- 

30 1-hexanol were added to a 50 ml beaker and stirred 
at room temperature for 1 minute to form 0.1 mole of 
amino-hexyl-titanium-tri-isopropoxide. The reaction 
mixture was heated to 70°C for 10 minutes to evapor- 
ate the isopropyl alcohol formed during the reaction. 

35 The material was cooled to room temperature and 

used as a monomer in making the tetravalent titanium 
organometallic coating in Example 5. 

Example 5: Preparation of Amine Functional 
40 Organo-titanate Coated Particle 

Particles were prepared according to the proce- 
dures set out in Examples 1, 2 and 3. The particles 
were washed 5 times with water and 3 times with 
45 acetone to remove the water. N, N-dimethyl forma- 
mide (DMF) was added to the precipitate in the follow- 
ing ratio: 10 ml of DMF per gram of particle. The mix- 
ture was loaded into an Eiger Mill and milled continu- 
ously for 10 minutes. The mixture was then transfer- 
so red to a beaker and heated with stirring for 30 minutes 
at 1 00°C. The amine functional organo-titanate pre- 
pared in Example 4 was immediately added after 
preparation with constant stirring to the mixture in a 
ratio of 1 g dry Fe 3 0 4 per 3 g of amine functional or- 
55 gano-titanate. 

This mixture was then heated with stirring for 20 
minutes at 65 degrees C and then passed through the 
Eiger Mill for two passes. The resulting material was 
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washed five times with water, the coated particles 
were collected by filtration and the aqueous waste 
was decanted. 

Example 6: Preparation of Hydroxy-Hexyl-Titanium- 
Tri-lsopropoxide 

0.1 moles of titanium-tri-isopropoxide (Tyzor TPT 
DuPont, Wilmington, DE) and 0.1 moles of 6-hydroxy- 
1-hexanol were added to a 50 ml beaker and stirred 
at room temperature for 1 minute to form 0.1 mole of 
hydroxy-hexyl-titanium-tri-isopropoxide. The reac- 
tion mixture was heated to 70 degrees C for 10 min- 
utes to evaporate the isopropyl alcohol formed during 
the reaction. 

The material was cooled to room temperature and 
used as a monomer in making the tetravalent titanium 
organometallic coating in Example 7. 

Example 7: Preparation of Alcohol- Functional 
Organo-titanate Coated Particle 

Particles were prepared according to the proce- 
dures set out in Examples 1, 2 and 3. The particles 
were washed 5 times with water and 3 times with 
acetone. N, N-dimethyl formamide (DMF) was added 
to precipitate in the following ratio: 10 ml of DMF per 
gram of particle: The mixture was loaded into an Eiger 
Mill and milled continuously for 10 minutes. The mix- 
ture was then transferred to a beaker and heated with 
stirring for 30 minutes at 100 degrees C. The alcohol 
functional organo-titanate prepared in Example 6 was 
immediately added after preparation with constant 
stirring to the mixture in a ratio of 1 g dry Fe 3 0 4 per 
3 g of amine functional organo-titanate. 

This mixture was then heated with stirring for 20 
minutes at 65 degrees C and then passed through the 
Eiger Mill for two passes. The resulting material was 
washed five times with water, the coated particles 
were collected by filtration and the aqueous waste 
was decanted. 

Example 8: Coated Particles of Dihydroxy- 
Benzene-Hexyl-Titanium-Tri-lsopropoxide 

10 grams of amino functional particles prepared 
in Example 5 were prepared in an aqueous slurry con- 
taining 10% by weight particle. 10 grams of 2, 3-dihy- 
droxy-5-benzoic acid were added to the slurry and 
dissolved. 5 grams of cyclohexyl carbodiiomide were 
added to form a C6 amide coupled product with a 2, 3 
dihydroxy-benzene termination. 

Example 9: 

An organo-titanium coated particle was prepared 
exactly as in Example 4 and 5 except that 6-carboxy- 
1-hexanol was us d in place of 6-amino-1-hexanol to 



form a carboxy terminated organo-titanium coated 
particle. 

Example 10: Formation of a Magnetic Cluster 

5 

10 grams of 2,3 dihydroxy-benzene terminated 
particles as prepared in Example 8, and 10 grams of 
carboxy terminated magnetic particles as prepared in 
Example 9 were mixed with 5 grams of sodium mo- 
10 lybdate. The reaction mixture was stirred for a period 
of 24 hours. The resulting materials were molybde- 
num coordinate particle clusters about 1 micron in di- 
ameter that had a saturation magnetization of about 
2000 gauss and no remnant magnetization. The par- 
ts tides could then be degraded back to the original 30 
Angstrom magnetic particle by exposure to pH 6 acid 
for 24 hours. 

Example 11: Formation of a Magnetic Cluster 

20 

10 grams of hydroxyl terminated particles as pre- 
pared in Example 7 and 10 grams of carboxy termin- 
ated magnetic particles as prepared in Example 9 
were mixed. To the mixture was added 1 0 grams of 1 

25 Normal HCI. The reaction mixture was heated to 60 
degrees C and stirred for a period of 24 hours. The re- 
sulting materials were ester linked magnetic particl 
clusters about 1 micron in diameter t hat-had- <a satur- 
ation magnetization of about 2000 gauss and no rem- 

30 nant magnetization. The particles could then be de- 
graded back to the original 20 Angstrom magnetic 
particle by exposure to pH 6 acid for 24 hours. 

Example 12: Formation of a Magnetic Cluster- 
35 Polymer Bead 

1 0gm of 30A particles were prepared as in Exam- 
ple 3. The particle slurry was mixed into an aqueous 
25% 100cc solution of polyvinyl alcohol (mw 50,000 

40 daltons) and transferred into a 16oz glass jar filled 
25% with 1/4" ss balls. The suspension was mixed on 
a ball mill fora period of 2 hours. When the mixing was 
completed, the slurry was removed from the jar mill 
and added to a blender filled with 500cc of acetone. 

45 The mixture was agitated in the blender at the highest 
speed for 10 minutes causing the polymer to floccu- 
late onto the magnetic particle's surface. The mag- 
netic beads were collected. The resulting polymer en- 
capsulated magnetic particle clusters were about 100 

so Angstroms to 2 microns in diameter and had a satur- 
ation magnetization of about 2,000 gauss and had no 
remnant magnetization. The bead could easily be de- 
graded by dissolving it in hot water and the resulting 
unit crystals had no magnetization. 

55 
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Example 13: Formation of a Magnetic Cluster- 
Polymer Bead 

10gm of 30A particles were prepared as in Exam- 
ple 3. The particle slurry was mixed into a glass, 25% 
100cc solution of hydroxy propyl cellulose (mw 
50,000 daltons) and transferred into a 16oz glass jar 
filled 25% with 1/4 M ss balls. The suspension was 
mixed on a ball mill for a period of 2 hours. When the 
mixing was completed, the slurry was removed from 
the jar mill and added to a blender filled with 500cc 
of acetone. The mixture was agitated in the blender 
at the highest speed for 1 0 minutes causing the poly- 
mer to flocculate onto the magnetic particle's sur- 
face. The magnetic beads were collected. The result- 
ing polymer encapsulated magnetic particle clusters 
were about 100 Angstroms to 2 microns in diameter 
and had a saturation magnetization of about 2,000 
gauss and had no remnant magnetization. The bead 
could easily be degraded by dissolving it in hot water 
and the resulting unit crystals had no magnetization. 

Example 14: Formation of a Magnetic Cluster- 
Polymer Bead 

10 gm of 30A particles were prepared as in Ex- 
ample 3. The particle slurry was mixed into a glass, 
25% iOOcc solution of carboxymethy cellulose (mw 
50,000 daltons) and transferred into a 1 6oz glass jar 
filled 25% with 1/4" ss balls. The suspension was 
mixed on a ball mill for a period of 2 hours. When the 
mixing was completed, the slurry was removed from 
the jar mill and added to a blender filled with 500cc 
f acetone. The mixture was agitated in the blender 
at the highest speed for 10 minutes causing the poly- 
mer to flocculate onto the magnetic particle's sur- 
face. The magnetic beads were collected. The result- 
ing polymer encapsulated magnetic particle clusters 
were about 100 Angstroms to 2 microns in diameter 
and had a saturation magnetization of about 2,000 
gauss and had no remnant magnetization. The bead 
could easily be degraded by dissolving it in hot water 
and the resulting unit crystals had no magnetization. 

Example 15: Formation of a Magnetic Cluster- 
Polymer Bead 

1 0gm of 30A particles were prepared as in Exam- 
ple 3. The particle slurry was mixed into a glass, 25% 
100cc solution of polyvinyl pyrrolidone) (mw 50,000 
daltons) and transferred into a 16oz glass jar filled 
25% with 1/4" ss balls. The suspension was mixed on 
a bail mill for a period of 2 hours. When the mixing was 
completed, the slurry was removed from the jar mill 
and added to a blender filled with 500cc of acetone. 
The mixture was agitated in the blender at the highest 
speed for 10 minutes causing the polymer to floccu- 
late onto the magnetic particle's surface. The mag- 



netic beads were collected. The resulting polymer en- 
capsulated magnetic particle dusters were about 100 
Angstroms to 2 microns in diameter and had a satur- 
ation magnetization of about 2,000 gauss and had no 
5 remnant magnetization. The bead could easily be de- 
graded by dissolving it in hot water and the resulting 
unit crystals had no magnetization. 

Example 16: Formation of a Magnetic Cluster- 
to Polymer Bead 

10 gms of 30A particles were prepared as in Ex- 
ample 3. The particle slurry was washed 5xwith acet- 
one by magnetic filtration of the suspended particles 

15 after each successive wash and decanting the super- 
magnetic liquid. The particle slurry was then washed 
3x in cyciohexanone using the same technique as the 
acetone washing procedure, and diluted to 50cc with 
cyciohexanone after the final wash. 

20 The suspension was added to 100cc of a 20% 

solution of polyester polyurethane block co-polymer 
(BF Goodrich Estane 5719) dissolved in cyciohexa- 
none and mixed in a blender. 

The slurry was then added to 200cc of acetone 

25 in a blender as described in Example 12 and mixed at 
h igh speed for 5 minutes causing the uret hane to floc- 
culate and collapse onto the particle's surface form- 
ing beads about 0.5-1 micron in diameter. 

The resulting beads had a magnetization of about 

30 2,000 gauss and no remnant magnetization. 

The beads could easily be degraded to unit crys- 
tals by contact in organic solvent or by hydrolytic de- 
composition of the ester bonds in the back bone of 
the polymer by boiling the beads in water for 24 hours 

35 or by autoclaving an aqueous suspension of the 
beads for 90 minutes. 

Example 17: Formation of a Magnetic Cluster- 
Polymer Bead 

40 

10 gms of 30A particles were prepared as in Ex- 
ample 3. The particle slurry was washed 5x with acet- 
one by magnetic filtration of the suspended particles 
after each successive wash and decanting the super- 

45 magnetic liquid. The particle slurry was then washed 
3x in cyclohexonone using the same technique as the 
acetone washing procedure, and diluted to 50cc with 
cyclohexonone after the final wash. 

The suspension was added to 100cc of a 20% 

so solution of polystyrene dissolved in toluene and 
mixed in a blender using a laboratory paddle stirrer 
for this. 

The slurry was then added to 200cc of acetone 
in a blender as described in Example 12 and mixed at 
55 high speed for 5 minutes causing the polystyrene to 
flocculate and collapse onto the particle's surface 
forming beads about 0.5-1 micron in diameter. 

The resulting beads had a magnetization of about 
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2,000 gauss and no remnant magnetization. The 
beads could easily be degraded to unit crystals by 
contact in organic solvent. 

Example 18 Formation of a Magnetic Cluster- 
Polymer Bead 

10 gms of 30A particles were prepared as in Ex- 
ample 3. The particle slurry was washed 5x with acet- 
one by magnetic filtration of the suspended particles 
after each successive wash and decanting the super- 
magnetic liquid. The particle slurry was then washed 
3x in cyclohexanone using the same technique as the 
acetone washing procedure, and diluted to 50cc with 
cyclohexaone after the final wash. 

The suspension was added to 1 0Occ of a 20% sol- 
ution of polyvinyl acetate) polyvinyl chloride (Union 
Carbide VAGH) dissolved in cyclohexanone and 
mixed in a blender using a laboratory paddle stirrer 
for this. 

The slurry was then added to 200cc of acetone 
in a blender as described in Exampte 12 and mixed at 
high speed for 5 minutes causing the urethane to floc- 
culate and collapse onto the particle's surface form- 
ing beads about 0.5-1 micron in diameter. 

The resulting beads had a magnetization of about 
2,000 gauss and no remnant magnetization. The 
beads could easily be degraded to unit crystals by 
contact in organic solvent or by decomposition of the 
backbone of the polymer by boiling the beads in CMF 
for 24 hours. 

Equivalents 

Those skilled in the art will recognize, or be able 
to ascertain using no more than routine experimenta- 
tion, many equivalents to the specific embodiments of 
the invention described herein. Such equivalents are 
intended to be encompassed by the following claims. 



Claims 

1. A biodegradable magnetic microcluster charac- 
terized by comprising a cluster of non-magnetic 
metal or metal oxide particles having a crystallite 
size of 70 Angstroms or less which are coated 
with a functionalized polymer wherein the mag- 
netic microcluster is about 100 Angstroms in size 
and is formed by chemical interaction between 
the functional groups of the polymer. 

2. The biodegradable magnetic microcluster of 
claim 1 characterized in that the polymer is an or- 
ganometallic polymer, and wherein coating pre- 
ferably is formed by crosslinking between orga- 
nometallic monomers which comprise coordinate 
complexes of a transition or post-transition met- 



al, and a functionalized organic ligand, said 
monomers preferably including am in o-hexy I- tita- 
nium triisopopoxide, amino-propyl-titanium triiso- 
propoxide, amino-propyl-titanium triisopropoxide 
5 and carboxy-hexyl-titanium triisopropoxide, and 

wherein the functionalized organic ligand prefer- 
ably is an amine, carboxyl, cyanate, phosphate, 
sulfate, thiol, hydroxy!, or catechin. 

10 3. The biodegradable microcluster of claim 2 char- 
acterized in that the functionalized organometal- 
lic polymer coating is adsorbed onto orcovalently 
bonded to the crystallites and the functional 
groups are reacted together via covalent bonding 

15 or complexation to form magnetizable microclus- 

ters. 

4. The biodegradable magnetic microcluster of 
claim 1 characterized by having a cluster size of 

20 from about 100 Angstroms to 2 microns, and 

wherein the crystallite particle size preferably is 
from about 1 0 Angstroms to about 70 Angstroms 
and preferably has a surface area of from about 
25 to 1 000 square meters per gram. 

25 

5. The biodegradable magnetic microcluster of 
claim 1 characterized in that the cluster is super- 
paramagnetic and the individual particles are 
non-magnetic. 

30 

6. The biodegradable magnetic microcluster of 
claim 1 characterized in that the metal or metal 
oxide particles include iron, magnesium, manga- 
nese, cobalt, nickel, zinc, copper, iron alloys, co- 

35 bait, ferrite, samarium cobalt, barrium ferrite, alu- 

minum-nickel-cobalt, magnetite, hematite and 
chromium dioxide. 

7. A biodegradable magnetic microcluster charac- 
40 terized by comprising a cluster of metal or metal 

oxide particles associated with a macromolecu- 
lar species, said particle having an individual 
crystal diameter of 70 Angstroms or less charac- 
terized in that said particles are non-magnetic in 
45 the unclustered state and a sufficient number of 

particles are encapsulated within said macromo- 
lecular species to provide a magnetic microclus- 
ter, preferably of the size 100 Angstroms to 2 mi- 
crons. 

50 

8. The biodegradable magnetic microcluster of 
claim 7 characterized in that the macromolecular 
species comprises polyvinyl alcohol), hydroxy- 
propyl cellulose, carboxymethylcellulose, 

55 polyvinyl pyrrolidone), polyurethane-polyester 

copolymers, polystyren and polyvinyl acetate)- 
poly(vinyl chloride) copolymers. 
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9. A method for the preparation of biodegradable 
magnetic microclysters characterized by com- 
prising: 

supplying a magnetic core particle com- 
prising a magnetically responsive metal, metal al- 5 
loy or metal oxide having a crystallite size of 70 
Angstroms or less; and 

coating said particles with a functional- 
ized organo-metallic monomer which can be ad- 
sorbed onto or covalently bind to said particles 10 
and which are capable of crosslinking on the par- 
ticle surface to form afunctionatized organo-met- 
allic polymer coating; and 

reacting together the functionalized orga- 
no-metallic polymer coatings to form magnetiz- 15 
able microclusters. 

10. A method for the preparation of biodegradable 
magnetic microclusters characterized by com- 
prising: 20 

supplying a magnetic core particle slurry 
comprising a magnetically responsive metal, 
metal alloy or metal oxide having a crystallite size 
of 70 Angstroms or less; and 

mixing the particle slurry with a solution of 25 
polymer for a time sufficient to substantially dis- 
perse said polymer within said particle slurry; 
and 

encapsulating the particles with said poly- 
mer by addition of a solvent which flocculates and 30 
collapses the polymer onto the surface of the 
magnetic particles to form a magnetic microclus- 
ter. 

35 
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